Although numerous experimental investigations have evaluated the neurobehavioral effects of either short periods of total sleep deprivation or selective rapid eye movement sleep deprivation, few studies have examined the effects of chronic sleep restriction (CSR). Long-Evans rats were deprived of sleep by the automated movement of activity wheels for 18 h/day for 5 consecutive days from 16:00 to 10:00 h, and were allowed 6 h/day of sleep opportunity (10:00-16:00 h; lights on from 10:00 to 22:00 h). Activity wheels were intermittently activated on a 3 s on : 12 s off schedule for the CSR condition, whereas a schedule of 36 min of continuous wheel movement in every 3 h was used for a cage movement control condition. A cross-over design was used with rats serving in both the CSR and the movement control conditions with 2 days of rest between conditions. Water maze acquisition training occurred at 16:00 h immediately after the 6-h sleep opportunity on each of the first 4 days, followed by a probe trial on day 5 to assess spatial memory recall. Although the rate of learning/acquisition was not affected by the daily 18 h of CSR, the day 5 recall of the platform location was impaired on three different probe trial measures. Thus, CSR impaired spatial memory, but did not affect the rate of learning/acquisition in the water maze. 
Introduction
Many people in modern society sleep less than the recommended amount of time each day for vocational or lifestyle reasons. Significant impairments in cardiovascular, immune, endocrine, and cognitive functions have been reported in humans who sleep 2-3 h less than their normal sleep time, even for only a few consecutive days (for a review [1, 2] ). In fact, the impairments in humans produced by 2 weeks of sleep restriction (e.g. 6 h of sleep/night) on psychomotor vigilance response times are comparable with the deficits caused by two nights of total sleep deprivation (SD) [3] . Epidemiological studies suggest that habitual short sleep duration is associated with increased obesity [4] , heart disease [5] , and mortality [6] .
Although rodent models of chronic sleep restriction (CSR) have recently been developed [7] [8] [9] [10] , experimental research with models of CSR lags far behind the considerable body of work published on the neurobehavioral effects of total SD or on selective rapid eye movement (REM) SD (for a review, see McCoy and Strecker [11] ). To our knowledge, only two studies have assessed the effect of CSR on spatial learning and memory in the water maze [12, 13] . Although both studies used small amounts of daily SD, behavioral impairments were observed. Hairston et al. [12] found that mild daily SD (6 h/day for 4 days) impaired spatial learning, whereas performance on a nonspatial task was actually improved. Probe trials were not conducted in this study and thus, memory for the hidden platform was not assessed. More recently, Yang et al. [13] reported evidence for deficits in spatial learning as well as memory with 4 h/day of SD for 7 days. However, these behavioral deficits were observed only in adolescent rats and not in adult rats. In both studies, the mild degree of SD allowed plenty of time for rats to gain daily recovery sleep. As memory for the hidden platform was either not assessed [12] or was unaffected in adult rats [13] , the present study evaluated the effects of a more severe schedule of CSR; SD in the present study lasted 18 h/day, followed by a 6-h sleep opportunity (SO) each day for 5 consecutive days.
As water maze training occurred after the daily 6 h of SO, it was predicted that CSR would not interfere with the learning/acquisition of the platform location as animals were 'rested' during this training. However, as the animals experienced the daily SD immediately after the acquisition training, it was predicted that the CSR manipulation would interfere with spatial memory for the hidden platform location, possibly by interfering with memory consolidation.
Materials and methods

Animals
Twenty-two adult male Long-Evans rats (280-350 g; Charles River, Wilmington, Massachusetts, USA) were housed under constant temperature (231C) and a 12 : 12 light : dark cycle (lights on at 10:00 h). In pilot studies, untreated Sprague-Dawley rats showed poor initial learning of the platform location (rendering evaluating memory for the platform location problematic); in contrast, Long-Evans control rats learned the water maze to asymptotic levels in less than 4 days with four acquisition trials/day. Hence, Long-Evans rats were used in this study. Rat strain differences in cognitive performance are well known [14, 15] . All animals were treated in accordance with the American Association for Accreditation of Laboratory Animal Care policy on the care and use of laboratory animals. All procedures were approved by the Institutional Animal Care and Use Committee of the Boston VA Healthcare System. Food and water were available ad libitum. Experimental animals were housed in activity wheels and habituated to wheel movement for 2 days before the experiment. Day 1 of habituation consisted of 2 h in the activity wheels with no movement. Day 2 of habituation consisted of 2 h in the activity wheels with movement (i.e. 3 s on : 12 s off).
Chronic sleep restriction
CSR consisted of 18 h/day of total SD from 16:00 to 10:00 h for 5 days. CSR began the day before the first day of water maze training and ended 5 days later when spatial memory recall was assessed with the probe trial. On days 1-4 of CSR (water maze acquisition/learning days), rats were placed in activity wheels immediately after training. The CSR condition consisted of an activity wheel schedule of 3 s on : 12 s off for the 18 h. This procedure reduces the rats' total daily sleep time to under 6 h/day [7] , whereas rats normally sleep 10-12 h/day. The movement control (MC) condition consisted of an activity wheel schedule of 36 min of continuous wheel movement every 3 h, allowing opportunities for consolidated sleep while controlling for the nonspecific effects of cage movement and potential exercise. After 18 h in the activity wheels, rats were placed in their home cages for 6 h SO from 10:00 to 16:00 h.
To minimize the number of animals required for the study, a cross-over design was utilized with rats serving in both the CSR condition and the MC condition during separate 5-day periods; two groups of rats (N = 11/group) were run in this manner, referred to as part 1 and 2 in the statistical analysis. Thus, the study was carried out over a 4-week period with rats that were exposed to the CSR condition during week 1 (i.e. the first 5-day period) assigned to the MC condition during week 2 (i.e. the second 5-day period). Conversely, animals in the MC condition during week 1 were exposed to the CSR protocol during week 2. The two identical 5-day periods were separated by 2 days of uninterrupted SO in the rats' home cages.
Water maze: acquisition training and memory testing
All animals were trained in a pool 2.0 m in diameter and 0.4 m in depth, containing water made opaque by nontoxic, water-soluble paint at room temperature (231C). The pool was in a 3 Â 5 m room with several distinctive spatial cues (e.g. signs, laboratory furniture). A 10 cm diameter platform was submerged B1 cm below the surface of the pool to allow the animals to escape the water. During data analysis, a 20 cm target-platform zone was used to assess behavior to capture near-miss behavior. Rodent performance was tracked using a video tracking system (EzVideo Multi Track System; AccuScan, Columbus, Ohio, USA).
The investigator training the rats in the water maze was kept blind to the treatment condition (CSR or MC) of each rat. In the water maze protocol, each rat underwent four trials/day of water maze acquisition from 16:00 to 18:00 h for 4 consecutive days with an intertrial interval of B20 min. All animals were observed in between trials to ensure that they were awake, and gentle handling (noise, tapping on the cage, light tactile stimulation) was used to maintain wakefulness when necessary. In each trial, rats were placed in the water maze facing the wall in one of three quadrants that did not contain the hidden platform. The starting position was in a semirandom order so that no start point was immediately repeated. The location of the hidden platform remained constant. If the rat did not find the hidden platform within 60 s, the rat was guided manually to the platform by the experimenter and allowed to remain on it for B10 s before being placed in a holding cage for an additional 60 s.
On the fifth day, each rat was subjected to a single water maze probe trial to test for retention (i.e. memory) for the location of the hidden platform. The hidden platform was removed on probe trials. A probe trial consisted of a 30 s free swim time, after which the rodent was removed from the pool. Probe trials occurred at 10:00 h. The primary measures of performance during probe trials were as follows: (a) latency to enter the (2 Â ) platform zone, (b) latency to enter the platform quadrant, and (c) time in the target quadrant.
Statistical analysis
On acquisition trials, a four-way mixed-model analysis of variance (ANOVA) was carried out on the latency to enter the target-platform zone. Specifically, the design called for a 2 (part) Â 4 (days) Â 4 (swims) Â 2 (sleep status) ANOVA with repeated measures on the last three variables. 'Part' refers to the fact that this study was carried out in two parts with a cross-over design (described above), with half (n = 11) going through the 2-week experimental procedure first, followed by a second set of animals (n = 11) during the subsequent 2week period. On probe trials, paired samples t-tests were carried out on (a) latency to enter the (2 Â) platform zone, (b) latency to enter the platform quadrant, and (c) time in the target quadrant.
Results
Acquisition trials to assess spatial learning indicating that rats (irrespective of sleep status) entered the target-platform zone faster across the four swims that occurred each day (collapsed across days). The interaction effect of days Â swims was significant because the latency to reach the target-platform zone decreased over the four swims to a greater degree on day 1 than it did on day 4 [F(1,20) = 17.25, P < 0.0001]. All other overall interaction effects based on analysis of the acquisition data were not significant.
To assess learning across the acquisition days, the latency to reach the target quadrant on the first trial of each day was analyzed using a 2 Â 2 ANOVA with repeated measures on the day factor. No significant effects were indicated by this analysis. However, t-tests (one tailed) showed a trend toward longer latencies to reach the target quadrant in CSR rats on the first swim trial of day 3 (P = 0.069) and on the first swim trial of day 4 (P = 0.073). This trend is consistent with the day 5 probe trial data assessing memory of platform location described next.
Probe trials to assess spatial memory CSR rats had impaired recall of the platform location on the probe trial, which was significant on three measures of probe trial performance (Fig. 1 ). There was a significant difference in the latency to enter the (2 Â) platform zone [t(21) = 2.432, P = 0.012], indicating that CSR rats took longer to reach the platform zone, compared with the MC rats. CSR rats also took significantly longer to enter the quadrant that contained the platform [t(21) = 2.31, P = 0.016]. Finally, rats in the CSR condition spent significantly less time in the target quadrant than the animals in the MC condition [t(21) = 2.334, P = 0.015]. No other measures were significant.
Discussion
As predicted, rats exposed to CSR for 4 days learned the water maze at the same rate as MC rats, but their memory (recall) of the platform location trial was impaired on the fifth day compared with MC rats. The findings are interpreted to indicate that CSR produced a spatial memory deficit. The use of a cross-over design showed that differences in latency to the platform on probe trials were not simply a function of practice over time, nor were they a function of a particular group of rats being consistently slower. Rather, the longer latencies on probe trials were specifically a function of the manipulation; the group receiving CSR on a given week was the group that showed the longer latencies that week.
Until recently, there have been few experimental investigations (either in animals or in humans) that have studied the physiological and neurobehavioral effects of CSR. The importance of identifying the effects of CSR is underscored by the increased prevalence of CSR in modern societies because of lifestyle factors (e.g. shift work, jet lag), specific sleep disorders, and the multitude of medical conditions that are accompanied by a reduction in daily sleep time [1, 2] .
Previous attempts to develop an animal model of the cognitive effects of CSR have used only mild levels of sleep restriction [12, 13] . Hence, it is not surprising that memory was unaffected in one of these studies [13] , and only learning (not memory) was assessed in the other [12] . Water maze impairments have been observed following other types of experimental sleep manipulations, such as SD or sleep fragmentation (see McCoy and Strecker [11] for a review). Most of these experiments have evaluated acute periods (e.g. 24-72 h) of sleep 18 h CSR CSR impairs spatial memory of the water maze platform location. Memory was assessed on CSR day 5 with a probe trial. Latency to enter the (2 Â ) platform zone was significantly longer in animals in the CSR condition compared with animals in the movement control condition (P = 0.012). Latency to reach the quadrant containing the platform was significantly longer in animals in the CSR condition compared with animals in the movement control condition (P = 0.016). Animals in the CSR condition spent significantly less time in the target quadrant than animals in the movement control condition (P = 0.015). CSR, chronic sleep restriction.
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disturbance [11] , accentuating the need for experimentation using CSR paradigms.
Evidence from both human [16] and animal [11] studies implicates important roles for both non-REM (NREM, also known as slow wave sleep) and REM sleep in learning and memory. Some evidence suggests that NREM may be more important for the consolidation of declarative memories, which require conscious recall. The term 'consolidation' here refers to the incorporation of newly learned material into long-term (or reference) memory. Conversely, REM sleep may be more important for the consolidation of procedural memories, which are implicit and hence do not require conscious recall [17] . Reactivation of firing of hippocampal ensembles of neurons during sleep (after a learned experience) has been observed and is postulated to represent the consolidation of labile memory traces into more stable forms of memory [18] . High-frequency oscillations that are interspersed throughout periods of NREM sleep have a relatively short time scale (milliseconds to seconds), suggesting a role in the initial encoding of a memory [18] . In contrast, neuronal replay of hippocampal ensemble activity during REM sleep lasts much longer (i.e. tens of seconds to a minute) and may reflect later stages of memory consolidation [19] .
Increases in NREM and REM sleep time as well as NREM electroencephalographic (EEG) slow wave activity (SWA) during the sleep opportunities that follow acute SD are widely thought to reflect an increase in the homeostatic sleep drive and to represent an increase in sleep depth. However, when rats were exposed to 5 days of CSR, Kim et al. [7, 8] only found a significant increase in SWA during the SO on day 1 (analogous to acute SD), but not on days 2-5 of CSR. In human studies of CSR, it is not clear whether EEG delta power is homeostatically regulated. One recent study found only a slight increase in EEG SWA during the first SO that followed 20 h of SD [20] and another study found no increase [21] . The absence of a robust SWA rebound after the first day of CSR makes it difficult to interpret the similarity in the levels of SWA across days 1-5.
Even mild exposure to CSR (6 h/day of SD for 4 consecutive days) has been shown to selectively impair spatial learning in rats [12] . As both improvements (in the case of the nonspatial task) and impairments in performance accompanied this schedule of sleep restriction, the present study evaluated rats under a more severe sleep restriction schedule (i.e. 18 h/day of CSR). Another recent experiment compared the cognitive performance of adolescent rats to adult rats using 4 h of SD immediately after daily water maze training. Impaired spatial learning was observed, but only in the adolescent rats [13] . The adolescent rats showed both REM and NREM sleep rebound during the SO that followed, and yet, still, a behavioral deficit was apparent. These authors concluded that there may be a critical time period after training during which sleep is necessary for optimal memory consolidation. However, the adult rats showed no such behavioral changes, nor did the adult rats show the same increase in the intensity or the quality of sleep observed in the adolescents [13] . Here, we report an impairment in spatial memory in adult rats, but our animals were subjected to a much more severe daily schedule of SD (18 h/day of SD). Taken together, these findings suggest that multiple days of partial SD can impair memory consolidation in adult rats, although adult rats may be less sensitive to short deprivation periods, in comparison with adolescent rats. Although a spatial memory deficit was detected with the CSR regimen used herein, further research needs to be carried out to identify the minimal conditions required to impair performance on probe trials and to determine whether the memory impairment is permanent. Moreover, the question of brain regions and mechanism(s) mediating the amnestic effects of CSR remains to be addressed.
One possible neurochemical mediator of the behavioral effects observed is adenosine, an inhibitory neuromodulator and putative endogenous hypnogen. For example, findings suggest that adenosine mediates the deficits in attention that accompany acute SD. Specifically, 300 mM adenosine infused into the local basal forebrain slowed response latency and increased lapses on the rat psychomotor vigilance test (PVT), an animal analogue of the human PVT [22] . This effect mimicked the effect of 24 h of SD on performance in the rat PVT. Extracellular levels of adenosine have been shown to increase in the basal forebrain when the duration of wakefulness is extended experimentally in rats [23] . Moreover, adenosine acts to inhibit acetylcholine-containing neurons (reviewed in Brown et al. [24] ) that project from the basal forebrain to the frontal cortex (as well as other cortices). These cholinergic neurons are well known to play important roles not only in attention but also in higher cognitive processes, such as memory. Hence, it is plausible that changes in adenosine tone may mediate the amnestic effect observed following CSR in the present study, and recent findings reported by Kim et al. [7] support this possibility. In addition to adenosine, various other neurotransmitters known to be modulated during sleep (e.g. serotonin, norepinephrine, and dopamine) are being investigated for their role in sleep-dependent changes in learning, memory, and cognition. Other factors may contribute toward the cognitive deficit as well.
Recently, it has been reported that 1 month of CSR (20 h SD/ day) resulted in a significant decrease in hippocampal volume in adolescent rats, an alteration that was independent of changes in glucocorticoid levels or in rates of hippocampal neurogenesis [25] . Finally, the possibility that the behavioral impairment observed is related to the nonspecific stress effects associated with the sleep manipulation requires further investigation.
Whether these or other mechanisms mediate the effect of CSR on cognitive performance remains an open question.
Conclusion
CSR (18 h/day for 4 consecutive days) in rats impaired spatial memory in the water maze, but did not affect the rate of learning/acquisition. This model may be utilized in future studies aimed at elucidation of the biological mechanism(s) mediating the cognitive consequences of CSR.
